We have analyzed the interface structure and composition of La 0.7 Ca 0.3 MnO 3 /YBa 2 Cu 3 O 7 /La 0.7 Ca 0.3 MnO 3 trilayers by combined polarized neutron reflectometry, aberration-corrected microscopy, and atomic column resolution electron-energy-loss spectroscopy and x-ray absorption with polarization analysis. We find the same stacking sequence at both top and bottom cuprate interfaces. X-ray magnetic circular dichroism experiments show that both cuprate interfaces are magnetic with a magnetic moment induced in Cu atoms as expected from symmetric Mn-O-Cu superexchange paths. These results supply a solid footing for the applicability of recent theories explaining the interplay between magnetism and superconductivity in this system in terms of the induced Cu spin polarization at both interfaces [J. Salafranca and S. Okamoto, Phys. Rev. Lett. 105, 256804 (2010) In recent years there has been a surge of interest on the interplay between ferromagnetism and superconductivity in artificial thin-film hybrids.
In recent years there has been a surge of interest on the interplay between ferromagnetism and superconductivity in artificial thin-film hybrids. 1, 2 This interplay originates from the ferromagnet (F)/superconductor (S) proximity effect by which Cooper pairs penetrate into the ferromagnet, directly experiencing the exchange interaction. [3] [4] [5] [6] [7] [8] [9] [10] [11] As a result, the effect is short range, and the relevant length scale becomes shorter with increasing spin polarization of the ferromagnet, and should vanish in the limit of full spin polarization, i.e., a half metal. Superconductivity is also suppressed in the superconducting layer over length scales given by the superconducting coherence length. Recent studies on La 0.7 Ca 0.3 MnO 3 (LCMO)/YBa 2 Cu 3 O 7 (YBCO) epitaxial heterostructures demonstrate superconductivity suppression of the superconducting critical temperature over length scales much larger (one to two orders of magnitude) than the coherence length of the cuprate. 12, 13 This can hardly be explained in terms of a (singlet) proximity effect given the high spin polarization of the manganite and the subnanometer coherence length of the cuprate. Other explanations in terms of (self-) diffusion of spin-polarized quasiparticles 14 or induction of a triplet superconductivity component 15 also do not account for the long length scale of the superconductivity suppression in the cuprate. The strong electronic and orbital reconstruction occurring at this interface gives rise to an induced negative spin polarization of the cuprate interface as found in Refs. 16 and 17, and very recently confirmed by Ref. 18 . This may arise due to a canting of the antiferromagnetic Cu sublattice induced by the interfacial (antiferromagnetic) Mn-O-Cu superexchange interaction. Recent theoretical calculations 19 have shown that Cu spin polarization, which does not originate from a proximity effect but from orbital reconstruction, accounts semiquantitatively for most experimental observations. Furthermore, this mechanism also explains the inverse spin-switch behavior observed in F/S/F structures where superconductivity is enhanced when the F layer magnetizations are parallel. 20 The balance between applied magnetic field and (the exponential tail of the) effective field due to the interfacial antiferromagnetic superexchange interaction cancel out when the layers are parallel, giving rise to a small shift of the resistance curve toward higher transition temperatures.
The applicability of the orbital reconstruction mechanism depends critically on the existence of a superexchange path linking Mn atoms and planar Cu atoms in the cuprate at both interfaces. This implies certain symmetry in the orbital and electronic reconstruction at both interfaces, a situation which cannot be taken for granted in epitaxial layers. In fact, it has been recently pointed out that in superlattices (A-B-A-B-A. . .) mirror interfaces (A-B and B-A) need not be identical. 21, 22 While preliminary results of interface analysis of LCMO/YBCO samples grown by sputter deposition (similar to those reported in this work) suggest symmetric interfaces, recent reports of aberration-corrected scanning transmission electron microscopy (STEM) on YBCO/LCMO interfaces grown by pulsed laser deposition (PLD) indicate that top and bottom interfaces of manganite layers sandwiched between YBCO are different. 23 The dichroism experiments where the Cu moment was first reported 16, 17 supplied information only about the topmost interface due to the high surface sensitivity of the total electron yield (TEY) method used. The question then arises whether there is Cu magnetism at both interfaces and how it is affected by any possible asymmetry of the interfaces. In this paper we address this question by examining the interface reconstruction in trilayers LCMO/YBCO/LCMO with x-ray magnetic circular dichroism (XMCD) experiments. The small, 7-nm-thick, YBCO thickness together with an x-ray resonant magnetic scattering detection method of the Cu dichroic signal enables us to obtain information about the Cu magnetic state at both interfaces. The respective magnetism could be separated due to the different coercivities of top and bottom LCMO layers.
We grew F/S/F trilayers with fixed 15-nm-thick top and bottom LCMO layers while the YBCO thickness ranges between 7 and 47 nm. This manuscript focuses on the 7-nmthick YBCO samples, although the results of thicker samples will be noted. This small thickness of the YBCO allows for obtaining magnetic information from both interfaces. The samples were grown by sputter deposition in pure oxygen pressure 12, 13 on (100) SrTiO 3 substrates with mixed termination. A sample structure was also probed by STEM. Zcontrast images were obtained in a Nion UltraSTEM operated at 100 kV and equipped with a fifth-order corrector and a Gatan Enfina spectrometer to allow simultaneous imaging and electron-energy-loss spectroscopy (EELS). Random noise in the EELS spectrum images was removed using principal component analysis. 24 We performed XMCD measurements at the Advanced Photon Source (Argonne National Laboratory) at beamline 4-ID-C. We performed polarized neutron reflectivity (PNR) experiments using the ASTERIX reflectometer, and Cu Kα x-ray reflectivity (XR) at the Lujan Neutron Scattering Center (Los Alamos National Laboratory). Reflectivity data was fit using the Co-Refine program 25 which applies the Parratt formulism for calculating the reflectivity from models for the depth-dependent x-ray and/or neutron scattering length density (SLD) profiles. 26 The combined refinement (i.e., fitting) of the XR and PNR data, the latter collected in a magnetically saturated state (at H = 5.55 kOe), provides surface-averaged chemical (i.e., nuclear) and magnetic depth profiles of the sample, 25, 27 shown in Fig. 1 , for a trilayer with 7-nm-thick YBCO at a temperature of 9.5 K. The sample is superconducting with a zero resistance T c of 30 K. Samples with thicker YBCO showed weaker superconductivity suppression until for samples thicker than 15 nm, bulk T c is recovered, 12 ruling out oxygen deficiency as the origin of T c reduction. 28 The magnetic SLD is directly proportional to the magnetization. 25, 27 The x-ray and neutron nuclear depth profiles show that the roughnesses of the top LCMO layer are larger than those of the bottom LCMO layer and that the average magnetization is reduced. An additional suppression of the top LCMO layer magnetization is observed at the interface with YBCO, which has previously been interpreted to result from electron transfer from the manganite into the cuprate. 29, 30 The magnetization of the bottom LCMO layer corresponds to that of bulk LCMO. The depth resolution and sensitivity of the PNR experiments performed was not sufficient to resolve the moment on the interfacial Cu of the YBCO layer.
By tuning the x-ray circular polarization to the resonance energy of a specific electronic transition, one can obtain information on the chemical and magnetic state of a particular element. Soft x rays in the energy range of Mn and Cu Labsorption edges were used to obtain element specific dichroic spectra where the magnetic signal is given by the difference between the right and left circularly polarized signals. In Fig. 2 we show x-ray resonant magnetic scattering (XRMS) and TEY XMCD data as a function of the photon energy taken at the Mn and Cu at the Cu L 3 edge has been demonstrated to originate from canted Cu spins of the interfacial CuO 2 layer in the YBCO, coupled antiferromagnetically with the nearest Mn moments of the LCMO. 16, 17 In contrast to absorption (TEY) spectroscopy, the reflectivity signal is also sensitive to dispersive parameters and necessitates modeling to extract absolute value for the magnetic moment of each LCMO layer. Regardless, since the XRMS signal is proportional to the magnetization, the signal was monitored while sweeping the magnetic field to record a hysteresis loop as shown in the bottom panel of Fig. 3 . 31 However, it should be noted that the ratio of the steps in a multilayered sample can deviate from the expected values due to changes in the interference conditions with changes in the magnetic configuration. Sweeping a magnetic field has a strong influence on the secondary electrons collected to yield the TEY signal. To get an adequate reflectivity signal from the Cu edge we summed over a large number of subsequent hysteresis loops as measured with XRMS (up to 80) after setting the energy to the peak position observed in the TEY mode: at 645.5 eV for the Mn L edge and at 932.5 eV for the Cu L edge with the beam oriented parallel to the external field and making an angle of 10
• with the sample surface to ensure deep penetration.
We measured two hysteresis loops, with the field applied along [100] and [110] axes. The hysteresis loops taken at the Mn L 3 edge highlight the different coercivities of both manganite layers. The PNR measurements (Fig. 1) indicate that the bottom LCMO layer switches first, as only that magnetization is found to be positive at H = 186 and 335 Oe, fields intermediate between the two coercivities, following negative saturation. This probably results from a difference in the strain state, since during the growth of the YBCO layer the first LCMO layer will be fully strained, while the top LCMO layer is (partially) strain relaxed. The larger coercivity and remanent magnetization along the [110] direction is indicative of magnetic fields aligned with the easy axis. 32 Figure 3(b) shows the hysteretic behavior of the Cu magnetic moments through XMRS hysteresis loops. Cu and Mn loops display similar shape and coercivities: it becomes clear that the Cu moments switch follows closely the switching of the Mn moments. This is because the Cu magnetism results from the antiferromagnetic coupling to the interfacial Mn. Moreover, the fact that the magnetic responses of Cu and Mn are similar indicates that the Cu at both interfaces is responding in the same proportion to Mn magnetic moments. The Cu loops display the two coercive fields confirming that both interfaces are magnetic, as also indicated by the fits to the PNR data. Moreover, the presence of Cu magnetism at both interfaces suggests that there are similar Mn-O-Cu superexchange paths linking interfacial Mn and planar (CuO 2 ) Cu atoms. Similar samples with thicker YBCO (12 nm and higher) showed only the Cu signal due to the top interface.
We have examined the interface structure and composition in our samples by aberration-corrected STEM using a similar sample to that of the dichroism experiment. Figure 4 displays a high magnification Z-contrast STEM image of a LCMO (top)/YBCO (middle)/LCMO (bottom) trilayer. The layers show good epitaxial properties and coherent growth. EELS spectrum images were acquired to investigate the interface structure. Figure 4 In summary, we have found a symmetric interface reconstruction at both cuprate interfaces in LCMO/YBCO/LCMO structures. STEM-EELS analysis shows that the compositions of both interfaces are similar. This result contrasts with recent reports on PLD-deposited samples showing asymmetric interface structure and evidence that interface reconstruction may depend on the growth technique in a way determined by temperature and oxygen pressure. This indicates that in our high oxygen pressure (3 mbars) and high-temperature (900
• C) growth process thermodynamics may play a more important role than reaction kinetics. XMCD reflectivity hysteresis loops evidence that there is a spin polarization induced at (both) interfacial Cu atoms. The finding of Cu magnetism at both interfaces provides a firm footing for the applicability of recent models that explain the inverse spin-switch behavior of these trilayers in terms of the cancellation of the magnetic field associated with induced Cu moments by the applied field.
